We have developed a mouse model in which a specific population of inhibitory neurons can be selectively ablated by the action of diphtheria toxin (DT). The model involves targeting the human DT receptor to the agouti-related protein (Agrp) locus so that systemic administration of DT kills all of the AgRP-expressing neurons, resulting in starvation of the mice. Ablation of AgRP neurons results in robust (5-to 10-fold) activation of Fos gene expression in many brain regions that are innervated by AgRP neurons, including the arcuate nucleus (ARC), the paraventricular nucleus, the medial preoptic area, the lateral septum, and nucleus of the solitary tract. As expected, there is robust increase in GFAP staining (astrocytes) as well as IBA1 and CD11b staining (microglia) in the ARC in response to AgRP neuron ablation. There is also a dramatic increase of these markers in most, but not all, postsynaptic targets of AgRP axons. We used a genetic approach to reduce melanocortin signaling, which attenuated Fos activation in some brain regions after ablation of AgRP neurons. We suggest that loss of inhibitory signaling onto target neurons results in unopposed excitation that is responsible for the activation of Fos and that dysregulation of these neuronal circuits is responsible for starvation. Furthermore, glial cell activation in target areas of AgRP neurons appears to be a result of excitotoxicity.
Introduction
Neuronal death occurs as a natural process during development and as a consequence of traumatic events in the mature nervous system. The detection, removal, and shielding of dying neurons is an integrated process that involves participation by astrocytes and microglia as they attempt to preserve the functional integrity of the remaining viable components. Analysis of signaling events between neurons and glial cells that mediate the smooth transition from cell death to reorganization of remaining components is just beginning to be understood (Fields and Stevens-Graham, 2002; Hara and Snyder, 2007) .
We have developed a method to kill a specific neuronal population in the adult mouse in a relatively rapid and reproducible manner. We targeted expression of diphtheria toxin receptor (DTR) to neurons that express AgRP and then administered diphtheria toxin (DT) to adult mice, which resulted in ablation of the neurons over the next few days and starvation by ϳ6 d (Luquet et al., 2005) . This method of ablation is specific for AgRPexpressing cells, conditional on DT administration, convenient in that DT can be administered by any route, and reproducible (Luquet et al., 2005) .
AgRP neurons are part of a hypothalamic regulatory system that detects and integrates various nutritional, hormonal, and neuronal signals to regulate appetite and metabolism and thereby help maintain energy balance (Broberger et al., 1998) . AgRP neurons and the neighboring pro-opiomelanocortin (POMC)-expressing neurons send their axonal projections to the same brain regions. The POMC neurons produce melanocortin [␣-melanocyte-stimulating hormone (␣-MSH)], which activates melanocortin 4 receptors (MC4Rs) on postsynaptic cells (Cone, 2005) . Activation of this melanocortin pathway inhibits feeding and stimulates metabolism. The AgRP neurons counteract the actions of melanocortin signaling by directly inhibiting POMC neurons via GABA release (Cowley et al., 2001) , and counteracting the action of melanocortin on postsynaptic cells: AgRP antagonizes binding of melanocortin to MC4R (Cone, 2005) , NPY activates G ␣i -coupled receptors (Marsh et al., 1998; Pedrazzini et al., 1998) , and GABA activates GABA A receptors. Thus, AgRP neurons promote feeding, at least in part, by counteracting the actions of the melanocortin signaling. Consistent with this arrangement, ablation of AgRP neurons in adult mice leads to starvation (Gropp et al., 2005; Luquet et al., 2005 Luquet et al., , 2007 Phillips and Palmiter, 2008) .
Here we describe cellular consequences of AgRP neuron ablation that help delineate why the mice starve. Death of AgRP neurons is associated with Fos gene activation, as well as robust gliosis, in the target areas. We suggest that dysregulation of postsynaptic cells is responsible for the failure of the mice to eat. We distinguish whether glial cell activation is caused by either axonal degeneration or excessive excitation.
Materials and Methods
Animal maintenance and neuron ablation. Mice were housed in a temperature-and humidity-controlled facility with a 12 h light/dark cycle. All animal care and experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Washington (Seattle, WA). Agrp DTR/ϩ mice were generated by targeting the human diphtheria toxin receptor (heparin-binding epidermal growth factor) to the Agrp locus (Luquet et al., 2005) . A y ; Agrp DTR/ϩ mice were generated by mating homozygous Agrp DTR/DTR with heterozygous lethal yellow A y /a mice obtained from The Jackson Laboratory. The yellow mice derived from this cross comprise the A y ; Agrp DTR/ϩ group, whereas the black littermates served as Agrp DTR/ϩ controls. Mice were group housed with standard chow diet (LabDiet 5053), and water was provided ad libitum until the beginning of the experiments. To ablate AgRP neurons in adult mice, intramuscular injection of diphtheria toxin (two injections of 50 g/kg, 2 d apart; List Biological Laboratories) in 6-weekold mice was performed (Luquet et al., 2005) .
In situ hybridization. Brains were sectioned (coronal; 25 m), and every eighth section was used for either Nissl staining or in situ hybridization with Npy, Agrp, Fos, Egr1, or Arc using an automated procedure for hybridization and image capture. We present the results obtained with Fos in this study. The results obtained with Agrp were published previously (Wu et al., 2008) ; results obtained with Npy in the ARC were identical. The results obtained with Egr1 were similar to those of Fos except that the differential response in the a/a versus the A y /a genetic background was not apparent after DT injection. The Arc hybridization signals were weak in most regions of interest compared with Fos or Egr1. The hybridization data collected for Egr1 and Arc are available on request. Materials and procedures concerning this high-throughput data generation process (riboprobe production, tissue processing, in situ hybridization, image capture, and processing) have been described previously (Lein et al., 2007) and are available on the Allen Brain Atlas website (http://www.brain-map.org).
Immunohistochemistry. Mice were killed by CO 2 asphyxiation and perfused transcardially with ice-cold PBS buffer containing 4% paraformaldehyde. Brains were dissected and postfixed overnight at 4°C in the fixation buffer. Free-floating brain sections (30 m) were washed in PBS and 0.1% Triton X-100 (PBST buffer) solution three times for 15 min and then blocked with 3% normal donkey serum in PBST for 2-3 h at room temperature. Rabbit anti-NPY (Peninsula Laboratories; 1:1000 dilution), rabbit anti-GFAP (Novus Biologicals; 1:3000 dilution), rabbit anti-IBA1 (Wako Chemicals; 1:1000 dilution), rabbit anti-Fos (Calbiochem; 1:6000 dilution), rat anti-CD11b (AbD Serotec; 1:1000 dilution), mouse anti-NeuN (Millipore Bioscience Research Reagents; 1:100 dilution), and/or mouse anti-ACTH (Santa Cruz Biotech; 1:100 dilution) were applied to the sections for overnight incubation at 4°C, followed by three 15 min rinses in PBST. Finally, sections were incubated in (cyanine 2)-or Cy3 (indocarbocyanine)-labeled secondary antibody (Jackson ImmunoResearch; 1:500 dilution) before visualization. Images were captured using a digital camera mounted on a TCS SP1 confocal microscope (Leica); all paired photos were obtained through the same system setting. For each group of mice, at least eight sections from four different mice were analyzed.
Data analysis. Quantification of Fos-positive cells was done using the NIH Image software (National Institutes of Health). Anatomical correlations of brain sections and delineation of individual nuclei were determined by comparing landmarks of Nissl staining images with those given in the Paxinos stereotaxic atlas (Paxinos and Frank, 2001) . From the anatomically matched sections, a region of interest of the same size was further defined. Meanwhile, an optimized threshold that can discern round Fos-positive nuclei from partially stained ones as well as background noise was preset for all measurement. The total number of pixels of Fos-positive cells inside the defined region was automatically recorded. The signal intensity of NPY and glial cell markers (GFAP, IBA1, and CD11b) was quantitatively assessed using the NIH Image software under the same exposure and threshold setting to quantify the variance of expression level. Data sets collected from all experiments, unless otherwise stated, were analyzed by one-way ANOVA followed by the StudentNewman-Keuls method for statistical significance and plotted as means Ϯ SEM. Post hoc analysis was performed when group differences were significant by ANOVA at p Ͻ 0.05.
Results

Ablation of AgRP neurons by administration of DT induces
Fos and gliosis in the ARC The generation of Agrp DTR/ϩ mice with the cDNA encoding the human DTR targeted to the Agrp locus has been described previously (Luquet et al., 2005) . Administration of DT (2 intramuscular injections at 50 g/kg body weight, 2 d apart) results in reliable loss of appetite such that feeding virtually ceases and body weight falls by 20% by the sixth day (Fig. 1 A) (Luquet et al., 2007; Phillips and Palmiter, 2008; Wu et al., 2008) . We terminated the experiments at that point because of animal care concerns, but we know that the mice would die within another day or so. We showed previously that this DT treatment protocol results in the nearly complete loss of Agrp hybridization signal in the ARC by day 6 after initiation of DT treatment (Wu et al., 2008) , in agreement with previous results using antibodies to either AgRP or NPY (Luquet et al., 2005 (Luquet et al., , 2007 .
DT treatment also leads to the activation of Fos and gliosis in various brain regions, including the ARC, on day 6 after initiation of DT treatment (Wu et al., 2008) . To examine the kinetics of Fos activation and initiation of gliosis, the ARC region of the hypothalamus was examined by immunohistochemistry after treating Agrp DTR/ϩ mice with DT for 2, 4, or 6 d. There was robust staining for Fos (half-maximal) within the first 2 d after initiating DT treatment, at a time when there was no apparent loss of NPY neurons ( Fig. 1 B , D, E, P,Q) and no inhibition of feeding (Fig.  1 A) . In addition, microglial activation was readily apparent in the vicinity of NPY neurons as revealed by staining with an antibody to IBA1 (ionized calcium binding adapter molecule 1, a microglia marker; product of the Aif1 gene) (Fig. 1 B, H, I , HЈ,IЈ). By day 4, when feeding began to be affected, there was a small loss of NPY staining in cell bodies within the ARC ( Fig. 1 B, R) . Staining of Fos and IBA1 was maximal at day 4, and CD11b (integrin ␣ m ␤ 2 , another marker of activated macrophages) staining became prominent ( Fig. 1 B , F, J, JЈ,L-N ) . By day 6, the mice consumed very little food and they had lost ϳ20% of their body weight; NPY staining in the ARC was almost gone, but Fos and microglia staining persisted (Fig. 1 B , G, K, KЈ,O,S) . Nissl staining revealed that there was ϳ25% loss of neurons in the ARC at day 6 (Fig. 2) . These data suggest that 2 d of DT treatment affects the function of AgRP neurons, leading to the activation of Fos in surrounding neurons. Microglia also start to become activated on day 2, several days before there is obvious loss of NPY/AgRP neurons or an overt effect on feeding behavior.
On day 6 after DT treatment, all POMC neurons were Fos positive, as predicted from the loss of inhibitory input from the AgRP neurons (Wu et al., 2008) , but POMC neurons accounted for only ϳ38% of the Fos-positive cells in the ARC (Fig. 3) , indicating that other neuronal populations in the ARC also became activated. Meanwhile, virtually all of the Fos-positive cells (Ͼ97%) were determined to be neurons, as revealed by NeuN, a neuron-specific cell marker (Fig. 3D ). . We examined Fos and microglia markers in the PVN of the same mice that were used to study these markers in the ARC. None of these markers were significantly elevated relative to controls 2 d after DT treatment, but they were all increased 4 d after DT treatment and even more so at 6 d (Fig.  1C ). There was no loss of neurons in the PVN as assessed by Nissl staining (Fig. 2) . Thus, activation of neurons and microglia in this projection field of AgRP neurons was delayed relative to that observed in the area surrounding the AgRP neuron cell bodies in the ARC. (Michaud et al., 1993) . Like AgRP, agouti protein antagonizes the action of ␣-MSH binding to MC4R and, thus, prevents melanocortin signaling via the G ␣s -coupled receptor on postsynaptic cells (Cone, 2005) . We reasoned that because AgRP neurons innervate the same postsynaptic targets as POMC neurons, activation of Fos in those postsynaptic cells after ablation of inhibitory AgRP neurons would be reduced if melanocortin signaling was blocked.
Activation of Fos expression and gliosis in the paraventricular nucleus after ablation of AgRP neurons
Induction of Fos and gliosis in the PVN
A high-throughput protocol was used to allow quantitative comparison of in situ hybridization signals from three different genes (Fos, Npy, Agrp) in 160 sections from each of three to six brains from wild-type, Agrp DTR/ϩ , and A y ; Agrp DTR/ϩ mice that were either treated with DT or not (Lein et al., 2007) . Over 1600 mouse brain sections were examined for this study.
We examined Fos induction in the PVN of AgRP neuron-ablated mice in both wild-type and A y genetic backgrounds. To detect Fos induction elicited by stress of starvation, control groups including DTtreated wild-type, naive Agrp DTR/ϩ and naive A y ; Agrp DTR/ϩ mice that were food restricted by pair feeding (PF) to lose the same body weight as the neuron-ablated animals were used. A DTtreated group of wild-type mice was also included to identify DT-associated cellular stress responses. (Fig. 4 E, EЈ vs C,CЈ) ( p Ͻ 0.01). Moreover, the data indicate that the induction of Fos was not caused by the stress of starvation or nonspecific DT toxicity, because PF and DT treatment in control mice had only small effects on Fos expression (Fig.  4 A, AЈ , B, BЈ, D, DЈ) . These data indicate that neuronal activity in the PVN is greatly enhanced after removal of inhibitory AgRP input and that blockade of MC4R signaling ameliorated the excitability of the PVN.
Data consistency is illustrated in the duplicate figures (Fig.  4 A-E and AЈ-EЈ) and was verified by quantitative comparison of Fos mRNA level in anatomically matched brain sections of the cortex from control and experimental groups; this brain region is not known to be involved in regulation of energy balance (supplemental Fig. 1 A-G , available at www.jneurosci.org as supplemental material). No statistical difference of signal intensity was found across control and neuron-ablated groups (supplemental Fig. 1 H, available at www.jneurosci.org as supplemental material; ANOVA, p Ͼ 0.13), suggesting that performing a direct comparison of Fos activity from mice of different genotypes is valid for identifying any difference at AgRP target areas.
We postulated that either loss of axon terminals caused by DT treatment of Agrp DTR/ϩ mice or the ensuing excessive neuronal activation in postsynaptic targets of AgRP neurons could result in excitotoxicity and neuroinflammation, a cascade of events characterized by glial cell activation (Raivich et al., 1999) . GFAP (an astrocyte marker) activation in the PVN of the DT-treated Agrp DTR/ϩ mice and the Ay, Agrp DTR/ϩ mice relative to the four control groups is shown in Figure 4 , F-K. Activation is revealed as an apparent increase in the immunostaining and change in morphology of the astrocytes (see Fig. 4 HЈ,IЈ for magnified views of the regions that are boxed in Fig. 4 H, I, respectively) . The activation of microglia was assessed by immunostaining with an antibody against IBA1 in an adjacent set of sections from the six groups of mice (Fig. 4 L-Q and magnified in Fig. 4 NЈ,OЈ) . Quantitative analysis revealed numerous activated glial cells with compact, bushy processes in the PVN of DT-treated Agrp DTR/ϩ mice, whereas the majority of glial cells in pair-fed and DT-treated wild-type mice were resting, with fine ramifications of their processes (Fig. 4 HЈ,IЈ or 4 NЈ,OЈ; quantified in Fig. 4 R) . Ablationinduced activation of both astrocytes and microglial cells was attenuated in DT-treated A y ; Agrp DTR/ϩ mice relative to Agrp DTR/ϩ mice (Fig. 4 R) , suggesting that glial cells in the PVN are sensitive to the antagonistic action of agouti on MC4R-expressing neurons. These results indicate that glial cell markers provide an additional tool for assessing relevant AgRP target nuclei.
Two distinct classes of AgRP targets are discerned by comparing the effects of AgRP ablation in Agrp
DTR/ϩ and A y ; Agrp DTR/ϩ mice Because our strategy recapitulated the functional relationship between AgRP neurons and target cells in the PVN, we proceeded to evaluate Fos expression in other brain regions that receive projections from AgRP neurons (Broberger et al., 1998; HaskellLuevano et al., 1999) . To minimize the impact from the small variations underlying the automated process of in situ hybridization and image acquisition, we restricted our analysis to those brain regions in which there was Ͼ50% increase in Fos mRNA in DT-treated Agrp DTR/ϩ mice relative to pair-fed, DT-treated, wild-type mice. Six different regions fell within our screening criteria, including three hypothalamic nuclei [the ARC, the dorsal medial hypothalamus (DMH), and the medial preoptic area (MPO)] and three extrahypothalamic regions [the lateral septum (LS), the hippocampal dentate gyrus (DG), and the nucleus tractus solitarius (NTS)].
DT-treated Agrp DTR/ϩ mice showed significant Fos induction in all six regions (ϳ7-fold in the ARC, ϳ2.5-fold in the DMH and the MPO, ϳ3-fold in the LS, ϳ2-fold in the DG, ϳ4-fold in the NTS) compared with pair-fed, DT-treated, wild-type mice and pair-fed Agrp DTR/ϩ mice ( Fig. 5A-F ; supplemental Figs. 2-7, available at www.jneurosci.org as supplemental material). However, comparing the Fos induction in DT-treated Agrp DTR/ϩ mice and DT-treated A y ; Agrp DTR/ϩ mice revealed different responses depending on the brain region examined. Fos expression was significantly reduced (55-85%) in the ARC, DMH, MPO, and LS when the MC4R signaling was blocked by agouti ( Fig. 5A-D ; supplemental Figs. 2-5, available at www.jneurosci.org as supplemental material; p Ͻ 0.01). In contrast, the intensity of the Fos signal was the same in the DG and the NTS when comparing the effect of DT in mice with or without A y gene (Fig. 5 E, F; supplemental Figs. 6,7, available at www.jneurosci.org as supplemental material; p Ͼ 0.59). These results suggest that POMC neurons are opposed by AgRP signaling in the ARC, DMH, MPO, and LS, as they are in the PVN. The observation that chronic blockade of MC4R by agouti elicited virtually no impact on neuron hyperactivity in the DG and the NTS suggests that melanocortin signaling in those regions does not contribute to neuronal activation.
We also examined the response of glial cells in these target brain regions. The data reveal that astrocytes and microglia were activated to various extents in the ARC, DMH, MPO, and LS of DT-treated Agrp DTR/ϩ mice compared with WT and pair-fed control groups, implying that ablation of AgRP neurons caused significant neuron activation and/or damage in these downstream areas ( Fig. 5A-D mice, which may be attributable to nonspecific, DT-mediated toxicity; nevertheless, astrocytes, but not microglia, in the NTS exhibited more robust reactivity in neuron-ablated mice compared with DT-treated wild-type mice (Fig. 5 E, F 
Some postsynaptic targets of AgRP neurons manifest neither Fos activation nor gliosis
Whereas most brain regions that are established targets of AgRP neurons revealed robust activation of Fos gene expression and glia, others such as the bed nucleus of the stria terminalis (BST), the ventral tegmental area (VTA), and the paranigral nucleus (PN) did not. Examples of brain regions that receive extensive innervation from AgRP neurons but did not show any significant Fos induction or activation of astrocytes or microglia are shown in Figure 6 . The innervation of these regions by AgRP neurons, based on immunohistochemistry by Broberger et al. (1998) , are as extensive as in other regions (e.g., the MPO and LS) in which Fos was robustly induced. These results indicate that loss of AgRP axons does not invariably lead to Fos activation or gliosis.
Discussion
Mice with targeted ablation of hypothalamic AgRP-expressing neurons provided a unique opportunity to study the activation of neural circuits that presumably mediate the starvation phenotype. We found that ablation of AgRP neurons leads to a dramatic activation of Fos in most, but not all, known targets of POMC and AgRP neurons. Activated microglia and astrocytes were also detected in most regions displaying elevated Fos expression. Chronic blockade of melanocortin signaling by ectopic expression of agouti attenuated Fos expression in all brain regions except for the DG and the NTS, but did not prevent starvation (Wu et al., 2008) . We hypothesize that the dysregulation of neuronal signaling as indicated by activation of Fos expression mediates the starvation phenotype.
A relatively complete profile of AgRP-and POMCimmunoreactive fibers projected from the ARC has been characterized in rodents (Jacobowitz and O'Donohue, 1978; Watson et al., 1978; Nilaver et al., 1979; Broberger et al., 1998; HaskellLuevano et al., 1999) . However, the functional significance of the overlap in POMC-and AgRP-positive fibers in target areas has not been examined. We used the semiautomated, whole-brain, in situ hybridization approach to gain functional information about the relative importance of various signaling pathways. Fos expression throughout the brain was examined, with special attention to the sites that receive projections from AgRP neurons. We suspect that activation of Fos reflects unbalanced excitatory and inhibitory inputs to the Fos-expressing cells. Most of the excitatory input presumably comes from glutamatergic afferents, along with activation by various G ␣s -and G ␣q -coupled receptors, whereas most of the inhibitory inputs come from GABAergic activation of GABA A receptors and activation of G ␣i -and G ␣o -coupled receptors. Thus, ablation of AgRP neurons is predicted to remove several inhibitory inputs to postsynaptic neurons, resulting in unopposed excitation and consequent induction of Fos gene expression. Most postsynaptic neurons probably receive excitatory inputs in addition to those from POMC neurons. Thus, whether Fos is activated or not and whether it is affected by blockade of melanocortin signaling would likely depend on the relative strengths of the various inputs.
We present evidence indicating that only some of the established AgRP-immunoreactive sites displayed elevated Fos induction after AgRP neuron ablation, including the ARC, PVN, DMH, MPO, and LS, whereas other areas did not manifest enhanced Fos expression. AgRP target areas were evaluated based on screening results, with statistical difference between foodrestricted animals and neuron-ablated animals. Brain areas that had Fos expression below an appreciable level or with insignificant change relative to food-restricted animals were excluded from our analysis. For example, the paraventricular nucleus of the thalamus receives sparse innervations of AgRP fibers, yet it displayed a comparable, prominent Fos expression in foodrestricted control mice and DT-treated Agrp DTR/ϩ mice (data not shown). Other regions that are clearly innervated by AgRP fibers, such as the red nucleus, the VTA, and the periaqueductal gray, showed minimal or no Fos activity (Fig. 6) (data not shown) . Several possibilities may underlie that lack of Fos induction in some brain regions after loss of AgRP neuron innervation. First, inhibition from AgRP neurons may be a small fraction of total inhibitory inputs. Second, some targets of AgRP neurons may not receive strong excitatory inputs. Third, induction of Fos requires multiple cellular signals (for example, calcium-and cAMPmediated signals), and some of these signals may be absent. Fourth, we only examined Fos expression thoroughly at day 6; thus, some early changes may have resolved by then. Therefore, the AgRP-projection areas that we studied here represent a subset of those that could be important in mediating starvation.
Six days after DT treatment, there were few remnants of AgRP neurons in the ARC as assessed by in situ hybridization or immunohistochemistry. Nearly all of the neighboring POMC neurons expressed Fos mRNA, as expected, but many other unidentified neurons in the ARC were also Fos positive. We observed strong glial cell activation in the ARC 6 d after commencing DT treatment. Activated microglia and astrocytes underwent dramatic morphological changes including enlargement of the cell soma and thickening of proximal process (Ladeby et al., 2005) . Interestingly, the activation of Fos and the microglial marker IBA1 was apparent in the ARC by day 2, before any loss of neurons or an effect on feeding. DT acts by inhibiting protein synthesis (Collier, 1975 ), so we presume that AgRP neuron function is initially impaired and progresses to cell death a few days later. The activation of Fos presumably reflects loss of inhibitory inputs onto POMC and other local neurons from impaired AgRP neurons, although the microglial activation may represent responses to distress signals from either the impaired AgRP neurons or overly excited postsynaptic cells. By day 4, the CD11b microglial marker became prominent, which coincides with the time when AgRP neuron markers began to disappear; hence, CD11b may reflect a more advanced stage of microglial activation, perhaps associated with phagocytosis of dying cells. Glial cell activation in postsynaptic targets of AgRP neurons was also robust and was associated with Fos induction in the DMH, PVN, MPO, and LS. Such glial cell activation could reflect responses to axonal degeneration, but glutamatemediated activation of astrocytes is also possible (Raivich et al., 1999; Garden and Möller, 2006; Hanisch and Kettenmann, 2007) . Astrocytes normally express glutamate receptors, whereas microglial cells only express glutamate receptors after they become activated; both cell types can be killed by glutamate (Matute et al., 2006) , and gliosis can precede neuronal degeneration in some situations (Kielar et al., 2007) . The parallel amelioration of glial and Fos activation by agouti expression in the PVN, under conditions in which axonal degeneration was the same, provides an example for which something other than axon degeneration, perhaps glutamate, modulates glial cell activation. In some brain regions, AgRP neuron terminals degenerate, but there was no activation of Fos or glial markers. This observation suggests that axonal degeneration is insufficient to activate microglia and favors an excitotoxic interpretation. The observations that glial cell activation occurs only in brain regions that are direct targets of AgRP neurons indicate that activation is not propagated to downstream neurons. It is unlikely that gliosis and subsequent release of cytokines is directly responsible for starvation in this model, because ablation of POMC neurons, which reside in and project to virtually all of the same brain regions as AgRP neurons, does not result in starvation (Gropp et al., 2005) . Quantitative analysis of neuronal loss in target areas based on Nissl staining did not reveal evidence of pyknotic nuclei or reduced neuronal density in any of the brain regions that received the highest glial cell activation scores, except for the ARC, in which there was obvious loss of neurons. Thus, we tentatively suggest that glial cell activation in target areas reflects a neuroprotective role of these cells rather than contributing to neurotoxicity. Two brain regions (the DG and NTS) showed Fos activation after DT treatment that was not attenuated in the A y genetic background. In both of these regions the glial cell activation was observed in all groups treated with DT, even in wild-type mice. Thus, glial cell activation in these brain regions could reflect enhanced sensitivity to DT. Because AgRP-immunoreactive fibers have not been reported in the DG (Haskell-Luevano et al., 1999) activation of Fos there probably reflects activation from some other brain region as a consequence of AgRP neuron ablation. Excitotoxicity in the hippocampus in response to seizures results in DG neuron cell death and activation of Npy gene expression (Palmiter et al., 1998; Vezzani et al., 1999; Cole et al., 2000) , but we did not observe any significant cell death or changes in Npy mRNA among control and AgRP-ablated experimental groups (data not shown), suggesting that the activation was mild relative to that which occurs during seizures. Because the DG has never been implicated in regulation of feeding behavior and it is not a direct target of AgRP neurons, we discount the significance of Fos activation there. The other brain region in which loss of MC4R signaling did not affect Fos induction was the NTS; however, the identity of the Fos-positive cells in the NTS is currently unknown. The NTS is traditionally perceived as a center for detection and transduction of satiety signals from vagal afferents, and gut peptides, like cholecystokinin (Badman and Flier, 2005) . The NTS also responds to glucose, leptin, melanocortin, and urocortin (Grill and Kaplan, 2002) . There is general agreement that activation of caudal brainstem is necessary for feeding (Grill, 2006) . A reciprocal crosstalk between the NTS and hypothalamic cell groups including the AgRP and POMC neurons may underlie the NTS mediation of feeding activity (Cone, 2005) . We hypothesize that dysregulation within the NTS mediates the inhibition of food intake measured by intraoral infusion of food directly into the mouth of AgRP neuron-ablated mice (Wu et al., 2008) . However, it is not established whether activation of Fos in the NTS is caused by a loss of direct AgRP projections to the NTS (Broberger et al., 1998) or is an indirect consequence of dysregulation in other brain regions that send projections to the NTS. 
